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ABSTRACT

In order to lengthen the daily launch windows for
Apollo lunar landing missions, the 72° and 108° launch azimuth
limits could be extended. This memorandum presents an analysis
of the effects such a change would have on the daily launch
windows, the launch vehicle payload, and the communication and
tracking times for insertion, parking orbit, and translunar
injection. Although this work was initiated to evaluate a
possible widening of the launch azimuth limits, much of the
basic material applies to narrowing the limits as well.

It has been determined that extending the launch azi-
muth limits to 60° and 120° can lengthen the launch window by
over two hours. However, using a single insertion tracking ship,
capable of covering a 26° range in azimuths, there is only
about a 10% probability that an additional hour of launch window
time will be provided with the extended launch azimuth limits.
The launch vehicle paylocad loss with the 60° launch azimuth
(compared to the case of a 90° launch azimuth) is 2500 pounds
while with a 72° launch azimuth the loss is 930 pounds. If both
an Indian Ocean and a Pacific Ocean tracking ship are provided,
good communication and tracking coverage is available during
the first and second parking orbits for any launch azimuth
between 60° and 120°. Coverage on the third parking orbit is
marginal for launch azimuths greater than 110° even if the two
tracking shlips are utilized. Ground tracks during Saturn V
powered flight for azimuths between 60° and 72° tend to pass
over fewer land masses than those for azimuths between 108°
and 120°.

If 1t 1is desired to lengthen the daily launch window,
on the basis of this analysis 1t seems reasonable to extend
the somewhat arbitrary 72° and 108° limits to perhaps 65° and
110° respectively.
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MEMORANDUM FOR FILE

INTRODUCTION

Expanding the limits on the launch azimuth beyond
the range from 72° to 108° east of north has a number of effects
upon the mission. As the launch azimuth limits are extended,
the launch window duration is increased since it 1s possible
to obtaln earth parking orbit planes which intersect the moon
over a longer period of time. Launching with a 90° launch
azimuth takes full advantage of the spin of the earth; any
deviation from 90° brings with it an associated payload loss
and this loss increases as the deviation from 90° is increased.
Extending the launch azimuth range therefore increases the
chances for large payload losses. In addition, the communi-
cation and tracking coverage times may be decreased as the
launch azimuth limits are extended since the ground tracks
pass over many areas not passed over with the smaller azimuth
range.

This memorandum presents an analysis of the magni-
tudes of these changes and the limitations on the mission
which they cause.

LAUNCH WINDOW CONSIDERATIONS

General Analysis

The earth parking orbit plane for a lunar mission
should be oriented such that it contains the expected location
of the moon when the spacecraft arrives in the vicinity of the
moon. Knowlng this, it is possible to find the desired launch
azimuth at any time. Throughout the day, as the moon moves in
its orbit and the earth spins under it, the desired launch azi-
muth would vary over a 180° range. In the past, limits of 72°
and 108° east of north have been placed (somewhat arbitrarily)
on the launch azimuth. This, of course, gives rise to limits
on the times during the day when launches can take place. The
times during the day when it is possible to launch are called
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daily launch windows. Two wlndows occur each day since the
plane passing through Cape Kennedy with a given inclination
will pass through the moon twice a day. If no more than

three earth parking orbits are considered, injection from the
earth parking orbit to the translunar trajectory occurs in

two general areas, one over the Atlantic Ocean, one over the
Pacific Ocean. The corresponding launch windows are termed
Atlantic and Pacific. The length of the maximum dally launch
window with the 72° and 108° launch azimuth limits is approxi-
mately 4-1/2 hours.¥

Since the probability of a launch increases as the
launch window is lengthened, it has been suggested that the
azimuth limits be extended (to 60° and 120° for example) to
lengthen the launch window. A change to launch azimuth limits
of 60° and 120° would lengthen the maximum launch window to
about 6-3/4 hours. Figure 1 illustrates how the maximum
launch window varies as the launch azimuth sector varies
(centered about the 90° launch azimuth).

Not only is the total duration of the launch window
important but the variation of the launch azimuth throughout
the launch window 1is also important. Figure 2 shows the
launch azimuth as a functlon of elapsed time after the opening
of the launch window, it applies to both Atlantic and Paciflc
windows. Reading the abscissa and ordinate appropriate for
the Atlantic or Pacific window provides the distinction be-
tween these two cases. This figure clearly shows the effect”
of the lunar declination on the behavior of the azimuth.

When the declination is near zero the azimuth increases at a
nearly constant rate. When the declination 1s only slightly
less than the latitude of the launch pad, the azimuth increases
slowly through most of the window but quite rapidly at either
the beginning or the end of the window. When the declination
is greater than the latitude of the launch pad, the curve
represents a double valued function.

The double-valued nature of the azimuth-time varia-
tion could lead to difficulty in booster guidance implemen-
tation. In addition, when the moon's declination 1s greater
than the launch pad latitude, the duration of the launch wilndow

# Tn thils analysis the moon is assumed to remain fixed
in space throughout the duration of the launch window. The
horizontal and vertical motions of the moon, relative to the
earth's latitude lines, can cause as much as a 6-7% increase
in the duration of the launch window when the moon 1is near
its ascending node (relative to the Earth's equator) for
Pacific injections or near its descending node for Atlantic
injections.
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is slightly decreased. Although the declination of the moon
can only exceed the latitude of the launch site by about 1/4°
it does so at some time during many of the monthly launch
opportunities between March, 1968 and March, 1970 and deserves
further discussion.

The earth's equator is inclined about 23-1/2° to
the ecliptic and the plane of the moon's orbit around the
earth is inclined just over 5° to the ecliptic. Since the
moon's orbit plane precesses, the inclination of the moon's
orbit to the equator can vary between about 18-1/2° and 28-1/2°.
A complete cycle of this inclination variation occurs in about
18 years with a maximum inclination of 28.7235° occurring in
late March, 1969. The minimum inclination occurs in 1978.
Since the geocentric latitude of Pad A, Complex 39 i1s 28.4471°
(the geodetic latitude is 28.6084°) the declination of the
moon can exceed the latitude of the launch pad and thus give
rise to the double valued azimuth functions shown in Figure 2.

Figure 3, showing the lunar orbit inclination to
the earth's equator from February, 1968 to May, 1970, shows
that the inclination of the orbit can exceed the pad latitude
only from March, 1968 to March, 1970 (with the major period
of trouble occurring between August, 1968 and November, 1969).
This means that the declination of the moon can exceed the
pad latitude only during this period of time. Of course, the
magnitude of the declination of the moon must be greater than
the pad latitude when the spacecraft arrives in the viclnity
of the moon for the difficulty to arise. Since the average
monthly launch opportunity lasts from 8 to 10 days and the
moon moves around its orbit (from maximum declination to mini-
mum declination and back to maximum declination) in about
27.2 days, the probability that the magnitude of the decli-
nation will exceed the pad latitude in the 1968-1970 time
period would seem to be high. In fact, at some time during
over 70% of the monthly launch opportunities between late
August, 1968 and October, 1969, the magnitude of the moon's
declination exceeds the pad latitude. The magnitude of the
moon's declination exceeds the pad latitude for up to a full
day during certain of these monthly launch opportunities.

Although the double-valued launch azimuth function
which arises in such cases may lead to difficulty, 1t seems
reasonable to use that portion of the azimuth versus time
curve which is monotconically increasing or decreasing. For
example, even if the lunar declination were 29°, Figure 2 shows
that the first 5.9 hours of the launch window could be used
(while only 24° of azimuth change is needed). The nearly
infinite slope at the end of such a window would correspond
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to a nearly constant launch azimuth with respect to time.

Choosing Launch Window Segments

Although it has been found that a 6-3/4 hour launch
window is available if the launch azimuth limits of 60° and
120° are employed, at least two factors can preclude the use
of the full window. The first factor is that three minutes
of tracking coverage 1s desired immediately after earth parking
orbit insertion (Reference 1) and this tracking is obtained by
a ship having an effective launch azimuth coverage range of
only 26° for a 5° masking angle. The second factor is the
previously mentioned fact that the desired launch azimuth
varies in a non-uniform fashion as time passes during a launch
window. When azimuth changes very rapidly, the fitting of
certain polynomials associated with booster guidance becomes
more difficult; also since the inertial platforms are aligned
along the flight azimuth, rapid changes in azimuth will increase
the initial alignment errors. Both of these factors suggest
choosing a portion of the launch window which minimizes the
azimuth sector used for a given duration segment of the launch
window. This azimuth sector will be termed "best".

A computer program was written to determine the
minimum azimuth sector (located somewhere between 60° and 120°)
for given duration launch windows. The results of computations
for various lunar declinations and 2.5, 3.5, 4.5 and 6.0 hour
windows are shown in Figure 4. This figure shows that Pacific
windows favor the lower numerical launch azimuths for positive
lunar declinations while at the same time the Atlantic windows
favor the higher numerical azimuths.

Once the "best" azimuth ranges are known as a func-
tion of lunar declination, it is possible to plot the pre-
ferred launch azimuth sector as a function of date throughout
any month. Due to the lunar lighting constraint, which re-
quires that the sun must be between 7° and 20° above the
eastern horizon of the moon at the time of lunar touchdown
(Reference 2), launches can only occur on 8 to 10 days per
month. This 8 to 10 day period is termed the monthly launch
opportunity. Figures 5 and 6 show, as examples, the preferred
azimuth bands for the February and August, 1968 launch oppor-
tunities utilizing the Paciflc launch window. The Atlantic
window curves would be mirror images of these curves about
the 90° azimuth line.

This brings up the question of whether choosing the
"best" azimuth sector significantly increases the probability
of having a certain length launch window. For instance, is
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there a significantly greater probability of having a four
hour launch window when the "best" azimuth range 1s chosen
as opposed to the case when the azimuth limits are filxed
inflexibly? Figure 7 shows the probability of having a
given launch window duration when the azimuth ranges are
chosen by different methods and between different extreme
limits.

Curve A shows that the launch window is always
greater than two hours, but never more than 4.5 hours, if
the 26° range at either end of the current 72° to 108° range
is inflexibly chosen. If the center 26°, from 77° to 103°,
is inflexibly chosen, Curve B shows that a constant 3.4 hour
window would be available. Choosing the "best" 26° azimuth
spread between 72° and 108° would provide launch windows be-
tween 3.4 and 4.5 hours in duration as shown by Curve C.
Curve D shows that if the "best" 26° is chosen with no upper
and lower azimuth limits, launch windows lasting up to 6.1
hours can be obtained. Although no azimuth limits are imposed
in this case, the azimuth does not go beyond the range 60° <
azimuth < 120°. Curves C and D provide a good means of com-
parison between the launch windows obtained using the widened
azimuth limits and those obtained with the 72° and 108° limits.
There is only about a 10% probability that an additional hour
of launch window is obtained with the 60° and 120° 1limits.
Curve E shows that if the 36° launch azimuth range between 72°
and 108° could be covered by one tracking ship a 4.5 hour
launch window would be assured (unless the declination of the
moon is greater than the pad latitude in which case a slight
decrease in launch window duration would occur). Finally,
Curve F shows that the launch window lasts between 4.5 and
6.7 hours if the "best" 36° segment is chosen between 60°
and 120°.

Thus, Figure 7 shows that moderate gains in launch
window duration can be realized by extending the launch azi-
muth limits beyond the current 72° to 108° values and by
choosing the "best" launch azimuth sectors within these limits.

LAUNCH VEHICLE PAYLOAD LOSS

Since the launch vehicle payload decreases rapidly
as the launch azimuth deviates from 90° (due east), any addi-
tional launch window obtained by extending the launch azimuth
limits beyond the 72° to 108° range is obtained at considerable
expense in launch vehicle payload. Figure 8 shows how the
payload loss varies with launch azimuth. For the 72° to 108°
azimuth limits, the maximum payload loss compared to 90°
would be about 930 pounds; with the 60° to 120° limits, the
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maximum payload loss would be about 2500 pounds.

Once the payload loss for any launch azimuth is
known, it is possible to find the maximum payload loss for
a gilven range of launch azimuths. Using various strategies
for choosing the launch azimuth range 1t 1s then possible to
calculate the probability of having a certain payload loss
for each of these strategies. The results of these calcu-
lations are shown in Figure 9. For example, if the 26° range
from 77° to 103° is rigidly chosen there is a constant 500
pound maximum payload loss (Curve B, Figure 9). On the other
hand, if the "best" 26° between 72° and 108° is chosen, Curve
C shows that 40% of the time 900 pounds, or more, would be
lost compared to the 90° launch azimuth case. Curve D shows
that, if the "best" 26° azimuth range is chosen with no azi-
muth limits (the azimuth still remains within the range 60° <
azimuth < 120°), 40% of the time at least 1700 pounds of pay-
load would be sacrificed relative to the 90° launch azimuth
case.

COMMUNICATIONS AND TRACKING

Extending the launch azimuth limits beyond the
present 72° to 108° range expands the area on the earth's
surface which may be overflown by the space vehicle. The
communications and tracking network was set up to provide
adequate coverage for lunar missions having launch azimuths
between 72° and 108°. Thus, communication and tracking cover-
age must be analyzed during insertion into earth parking orbit,
during earth parking orbit, and during translunar injection to
determine how the communlcation and tracking requirements
place restrictions on the expansion of the launch azimuth range.

Earth Parking Orbit Insertion Coverage

As mentioned previously, it is felt that continuous
tracking 1s needed above a 5° masking angle for the first 3
minutes following insertion into earth parking orbit (Reference
1). A single ship can cover a maximum azimuth sector of about
26° while providing a minimum of 3 minutes of coverage if it
is located at the center of the 26° sector approximately 1900
n. mi. downrange. The dashed lines in Figures 5 and 6 show
how this 26° sector moves throughout the February and August,
1968 launch opportunities for Pacific injections. The ship
movement rate lines show that the tracking shilp would have no
difficulty following the preferred azimuths if the Pacific
(or Atlantic) windows were consistently chosen. If the
Atlantic and Pacific windows were alternately chosen, the
tracking ship quite possibly would not be able to cover the



BELLCOMM, INC. -7 -

"pest™ azimuths for both. In such a case some deviation from
the "best" azimuth sectors would be necessary.

If insertion tracking times other than 3 minutes
are considered, the azimuth sector which a single tracking
ship can cover varies greatly. Figure 10 shows the relation-
ship between the minimum insertion tracking time and the
azimuth range covered when first contact is made 1400 n. mi.
downrange (the approximate powered flight cutoff point). For
example, 36° of azimuth could be covered if only 1-3/4 minutes
of tracking were needed.

If two ships were employed to cover the entire 60°
azimuth sector from 60° to 120°, each ship would be required
to cover only 30° and thus could provide over 2-1/2 minutes
of coverage without moving at all.

By comparing Curves B and E as well as Curves D and
F in Figure 7, it becomes evident that the insertion tracking
requirements have a significant influence upon the duration
of the launch window.

Earth Parking Orbit Coverage

Communications and tracking during the earth parking
orbit phase of the mission is provided by the 14 Unified S-Band
(USB) stations on land and by several tracking ships. The
locations of the USB stations are given in Table 1. The current
operational constraints specify that at least two tracking,
command, telemetry, and voice contacts of four minutes mini-
mum duration above 5° elevation are needed for each revolutilon
before translunar injection (Reference 1). In addition, at
least one contact of four minutes minimum duration above 5°
elevation is thought to be necessary between 90 and 30 minutes
before translunar injection ignition with a station having
command, telemetry, and voice capability (Reference 1).

Using the results of a previous study for launch
azimuths from 72° to 108° (Reference 3) and extending these
results to include azimuths from 60° to 120°, it is possible
to plot the number of trackin§ stations passed on the first,
second, and third revolutions®giving more than four minutes
of coverage time for various launch azimuths. Figure 11 shows
such plots accounting only for tracking by the 14 land stations.
The plots in Figure 12 were constructed assuming that one min-
ute of tracking was sufficient rather than four minutes.

It is clear that missions launched with azimuths
from 60° to 90° are afforded much better coverage than those
launched with azimuths from 90° to 120°, especially on the

* A revolution ends as Cape Kennedy's longitude 1s passed.
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second and third revolutions. The inclusion of tracking ships
can improve the coverage considerably if they are appropriately
placed. As 1ndicated by the lines denoted by IOS above the
plots in Flgures 11 and 12, a single ship located in the Indian
Ocean about 300 miles south of Mauritius (with coordinates
25°3, 53°E) provides four minutes of first revolution coverage
for launch azimuths between 82° and 102°, second revolution
coverage from 60° to 120°, and third revolutilon coverage from
78° to 110°., Similar lines are shown indicating the coverage
provided by a ship, denoted by POS, located in the Pacific
Ocean with coordinates of 25°N, 127°W. .

The Indian Ocean shilp 1s purposefully located such
that good coverage is given on the second and third revolu-
tions where it is most needed. Since the Pacific Ocean ship
is passed at the end of the third revolution where 1t does
little good, it was positioned to optimize second revolution
coverage.

The location of the insertion and reentry tracking
ships 1s such that they do not provide any signifilcant in-
creases in tracking coverage where it 1is most needed (such
as for launch azimuths above 100° on the third parking orbit).

The requirement for four minutes of command, tele-
metry, and volce contact between 90 and 30 minutes before
translunar injection (TLI) cannot be entirely satisfied by
the 14 land stations alone. The lines in Figures 13 and 14
bound the areas in time and launch azimuth from which TLI
should not occur because four minutes (or one minute in the
case of Figure 14) of contact was not made between 90 and 30
minutes before that time. It 1s c¢lear that injections on
the third parking orbit with launch azimuths above 100°
encounter the most difficulty. An Indlian Ocean tracking
ship (25°S, 53°E) and a Pacific Ocean tracking ship (25°N,
127°W) would leave only the shaded areas in Figures 13 and
14 undesirable from a pre-injection communications standpoint.
Clearly the only significant problem occurs for Pacific
injections on the third revolution from parking orbits
initiated with launch azimuths greater than 110°.

Post Translunar Injection Coverage

There 1s an additional operatlonal constraint
stating that continuous tracking, telemetry, and voice
contact are required for a ten-minute period within the
first twenty minutes after TLI cutoff (Reference 1). From
a coverage standpoint it 1s quite advantageous to choose the
final ten minutes of the twenty-minute period immediately
following TLI cutoff since the coverage circle for a given
station expands rapidly as the spacecraft moves away from
the earth.
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Using ground tracks and tracking coverage maps from
a previous study (Reference 4, Figure 9) dealing with the 72°
to 108° azimuth range and extending these results to cover
launch azimuths from 60° to 120°, 1t can be concluded that
the ten-minute period from ten minutes after TLI cutoff until
twenty minutes after TLI cutoff is continuously covered pro-
vided that the Indian Ocean tracking ship is available. If
the Indian Ocean tracking ship cannot be provided, certain
missions utilizing the Atlantic launch windows would not re-
ceilve ten minutes of post-injection coverage.

RANGE SAFETY PREFERENCES

The 72° and 108° limits on launch azimuth were
originally set up to minimize the overflying of land masses
during Saturn V powered flight. If the launch azimuth 1s
allowed to increase beyond 108° by only a few degrees, a
number of the West Indian Islands would be along the ground
track of the powered trajectory. To the north of the 72°¢
azimuth, Bermuda 1s the only land mass which would be over-
flown (when the launch azimuth is approximately 70°) until
the Azores would fall along the ground tracks, far downrange,
for launch azimuths less than about 65°. In this sense, the
launch azimuths below 72° would he favored over those greater
than 108°.

SUMMARY AND CONCLUSIONS

Extending the launch azimuth 1limits from the current
72° to 108° range has a number of effects on the mission.
Additional launch time flexibility is provided by the lengthened
launch window and longer holds could be tolerated before the
mission would have to be scrubbed. On the other hand, severe
payload losses are experienced when the launch azimuth approaches
60° or 120°. In addition, communications and tracking coverage
becomes more critical as the azimuth limits are extended. Over-
flying large land masses 1s not a problem if the launch azi-
muth does not go beyond the 60° to 120° limits although between
110° and 120° a number of 1slands lie on the ground track of
the space vehicle.

The following conclusions can be stated:

(1) The maximum launch window increases from 4-1/2 hours
to 6-3/4 hours when the azimuth limits are extended from the
72° - 108° range to the 60° - 120° range.

(2) If the maximum azimuth sector to be considered 1is
26° (dictated by the insertion ship tracking coverage),
significant increases in the duration of launch windows can
be realized if the "best" 26° range is chosen rather than
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"any" 26° range whether the 72° - 108° azimuth limits or any
other wider limits are used.

(3) If the maximum azimuth sector to be considered is
26° and if the 60° and 120° azimuth limits replace the 72°
and 108° 1limits, there is only about a 10% probability that
the launch window duration will be increased by as much as
one hour (since, in this case, the primary restriction on the
launch window duration is provided by the 26° maximum azimuth
sector rather than the overall azimuth limits).

(4) The payload losses for launch azimuths beyond the
72° - 108° range are significantly greater than those for
azlmuths within the 72° - 108° range with 2500 pounds being
lost with a 60° launch azimuth (relative to the 90° azimuth)
while only 930 pounds are lost with a 72° launch azimuth.

(5) Launch window durations can be significantly in-
creased if less than three minutes of insertion tracking will
suffice (i.e., the effective azimuth spread covered by a
single ship is expanded) or if more than one insertion track-
ing ship 1s employed.

(6) Only for launches wilth azimuths between 60° and
about 88° can the 14 USB land stations provide two or more
four-minute tracking passes on each of the first three parking
orbits.

(7) Injectlons occurring on the third revolution from
earth parking orbits initiated with launch azimuths greater
than 100° do not receive four minutes of tracking from the
14 USB land stations between 90 and 30 minutes before trans-
lunar injection.

(8) The addition of an Indian Ocean tracking ship (25°S,
53°E) and a Pacific Ocean tracking ship (25°N, 127°W) extends
the upper 1limit in conclusion (6) to 99° and the limit in
conclusion (7) to 110°.

(9) Continuous post-injection tracking and communi-
cations can be obtalned from ten minutes after translunar
injection cutoff until twenty minutes after translunar in-
Jection cutoff for any launch azimuth between 60° and 120°
for injectlion on any of the first three parking orbits
provided an Indian Ocean tracking ship is available.

(10) If the ground tracks are to avoid overflying land
as much as possible early in the mission, extension of the
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azimuth limits below the 72° value is favored over extending
the upper limit beyond 108°.

In light of the above conclusions, an increase in
launch window duration seems most reasonably achieved by
extending the lower azimuth limit to perhaps 65° while ex-
tending the upper 1limit to 110°. The lower limit 1is here
determined largely by tolerable payload losses; the upper
1imit is constrained by communication and tracking require-
ments during earth parking orbit and by the desire to avold
over-flying land masses during powered flight. To take full
advantage of the expanded azlmuth range, the present insertion
ship tracking requirements should be critically examined with
a view toward expanding the usable daily azimuth sector. In
all cases the "best" azimuth sector should be chosen within
the azimuth limits so as to maximize the launch window duration.

2013~-TBH-wcs T.”B. Hoekstra
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Table 1 - UNIFIED S-BAND STATIONS

STATION LONGITUDE LATITUDE
Grand Bahama Isl. 78.15W 26.65N
Bermuda 64.66W 32.35N
Antigua 61.75W 17.02N
Canary Isl. 15.60W 27 .TUN
Ascension 14,33W 7.968
Madrid b.17wW ‘ 40. 46N
Carnarvon 113.72E 24.918
Guam 144, 73E 13.31N
Canberra 148.98E 35.60S8
Hawaii 159.67TW 22.13N

" Goldstone 116.87W 35.34N
Guaymas 110.72W 27.96N
Texas 97.38W 27.65N

Merritt Isl. 80.69W 28.51N
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LUNAR DECLINATION - DEGREES

ATLANTIC WINDOW
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FIGURE 4 - "BEST" LAUNCH AZIMUTH RANGES FOR VARIOUS LUNAR DECLINATIONS

(FOR LAUNCH WINDOWS OF 2.5, 3.5, 4.5, 6.0 HRS. DURATION)
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(100 N.M. PARKING ORBIT, 5° MASKING ASSUMED)
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